Abstract -This is the first of a series of papers which seek to elaborate upon the cognitive and metacognitive skills which industry has identified as needed by engineers and the descriptions of the pedagogical tools to better prepare the prospective engineers for the careers that lie ahead of them. The papers describe an alternative way of conceptualizing the engineering curriculum by shifting the focus from learning engineering as a body of disparate knowledge consisting of science courses, engineering science courses, and analysis courses to understanding engineering as a way of thinking -promoting deeper conceptual understanding of core fundamental ideas and preparing students to be lifelong learners. Focus is placed on the pedagogy for enhancing the cognitive aspects of thinking including adaptive expertise, selfregulated learning, problem-solving skills, critical thinking skills, metacognition and workplace thinking -incorporating engaged scholarship at its core.
INTRODUCTION
Educational reforms which have sought to better prepare future engineering graduates to address complex challenges have been ongoing for decades now. These skills include not only domain specific knowledge, but also a set of transferable skills in multidisciplinary teamwork, communication, creativity, business, systems thinking, design thinking and independent learning 1, 2, 3 . In addition, today's engineering graduates must possess personal traits that nurture a deep ethical development, lifelong learning, and a commitment to meeting society's grand challenges.
Employers of engineering graduates express interest in having new employees be more 'job ready'; that is, proficient at problem solving, thinking critically, and managing projects -all in a workplace environment 4 . It has been recognized that being successful in today's highly technological and globally competitive world requires a person to develop and use a different set of skills than were needed before 5 . Many studies have converged on a view of engineering education that not only requires students to grasp traditional engineering fundamentals, such as mechanics, dynamics, mathematics, and technology, but to also develop the skills associated with learning to imbed this knowledge in real-world situations 6 . This vision of engineering requires engineers be trained to learn to be lifelong learners and learn to develop adaptive expertise 7, 8 as well as be self-regulated learners.
Yet, the apparent paradoxes that emerge in attempting to develop curricula for engineering design students to develop such skills are daunting. There is tension between rigor and heuristics; the need to encourage both divergent and convergent thinking; the need to be simultaneously systematic and creative; the need to perform both analysis and synthesis; the need for the design engineer to be both a generalist and a specialist; and the need for the design engineer to take both a systems view and a detail view. The challenges are there to confront 9 . Unfortunately, much of the engineering curricula require students to learn in unconnected pieces. They take separate courses whose relationship to each other and to the engineering process is not explained until late in their undergraduate education, if ever. Further, engineering curricula usually present the set of topics engineers "need to know," leading to the feeling that an engineering education is simply a collection of courses. While the content of the courses may be valuable, this view of engineering education ignores the need for connections and integration 10 . According to the National Academies, one of two major tasks required to generate desired student learning outcomes is "better alignment of engineering curricula and the nature of academic experiences with the challenges and opportunities graduates will face in the workplace" 11 . In fact, the same report states that "the disconnect between the system of engineering education and the practice of engineering appears to be accelerating" 10 . The volume of information that engineers are collectively called upon to know is increasing far more rapidly than the ability of engineering curricula to "cover it." Structuring a four-year or even a five-year engineering curriculum that meets the needs of most engineering students appears to be an increasingly elusive goal 12 . No matter how many parallel tracks and elective courses are offered, however, it will never be possible to teach engineering students everything they will be required to know when they go to work.
A better solution may be to shift the emphasis away from providing training in an everincreasing number of specialty areas to providing a core set of science and engineering fundamentals 13, 14 , helping students integrate knowledge across courses and disciplines 15 , and equipping them with lifelong learning skills 16, 17 . Students should acquire a repertoire of cognitive and metacognitive skills and strategies that can be used when engaged in design activity such as problem solving, decision making, and inquiry 18 . Cognitive and metacognitive skills are important thinking processes required for problem solving, and these skills should be taught to students. In other words, the focus in engineering education shifts away from the simple presentation of knowledge and toward the integration of knowledge and the development of critical thinking skills needed to make appropriate use of it.
INDUSTRY NEEDS AND UNIVERSITY TRAINING
As noted above, advances in technology and scientific knowledge have led to an ever increasing amount of content being taught to students. 19 Teaching students more in the same amount of time leads to the preference of procedural knowledge that prevents adaptive expertise. 20, 21, 21 Additionally, the increased content load discourages professors from incorporating active learning strategies into the classroom that explicate reflective or critical thinking. A student might have all the knowledge in the world, but if they are never given an opportunity to learn it at a conceptual level and integrate it with previous knowledge or to practice transferring that knowledge to new situations, that knowledge is useless. Thus, is it better to develop skills to become adaptive experts and hope students learn more content knowledge later in their careers, or better to deliver the content and hope students become effective thinkers later?
Industry Needs
Numerous studies have highlighted the needs of industry for engineering graduates to be competent in a host of areas, many of which are not traditionally assessed at the university. For example, the American Society of Engineering Education (ASEE) report entitled 'Transforming Undergraduate Education in Engineering -Synthesizing and Integrating Industry Perspectives' concluded that acquisition of many competencies (see Table 1 ) expected of engineering students is primarily the responsibility of the university -not industry 23 . Another example is a study entitled 'Design engineering competencies: Future Requirements and Predicted Changes in the Forthcoming Decade' sought to identify a competency profile for future design engineers. (See Table 1 ) The study indicated that there is evidence to suggest that the future design engineering role may be changing. Although technical competencies are forecast to remain equally important in the future, their relative importance is set to decline as a consequence of the emerging importance of non-technical competencies 24 . A third example is the CDIO Initiative (Conceive-Design-Implement-Operate). The CDIO Initiative is an international collaboration between engineering schools to redevelop engineering education to meet the needs of industry. It is a syllabus for undergraduate engineering education which creates a rational, complete, universal, and generalizable set of goals for undergraduate engineering education.
25 Table 1 provides a synthesis of the competencies and goals identified in these selected reports. University Approaches to Achieve Goals Instructors use many alternative approaches to teaching courses that present fundamental and often difficult engineering content. The most common approach is a didactic lecture format, which has numerous demonstrated benefits. Students receive a clear exposition of the information they need to learn, teachers can be sure they have covered the content if they follow well-organized materials that are readily available, and students tend to learn content well as measured by performance on tests that replicate the content and context under which the material was presented 26, 27, 28 . However, there are drawbacks to the lecture approach as well. Students may learn the material in a disconnected fashion that makes it difficult for them to apply their knowledge out of context, and their long-term retention is often poor 29, 30 . Further, students have difficulty in relating their accrued knowledge to problems in the "real world" -in the workplace or graduate school 31, 32 . An alternate teaching approach is to apply one of several methods that can be grouped together as inquiry learning. Problem-and project-based learning, case-based learning, authentic inquiry, and discovery learning are all examples 33, 34, 35, 36, 37, 38 . Features of these methods are that they engage students in authentic problems without single correct solutions, they allow extended student exploration, and theories, principles and formalisms are taught when the need to know them has been established. These approaches increase student motivation and awareness of the connections between their in-class experiences and their future work, lead to positive attitudes about learning for both students and teachers, and, when structured well, lead to significant increases in knowledge 39, 40 . However, like traditional lecture, inquiry methods can have drawbacks. Without extensive training, teachers often have trouble selecting problems that highlight the key principles in the discipline, opting rather for problems that merely seem engaging 41 . Students consequently often miss important concepts they need to learn 42 . Students may have trouble structuring their approach to these open-ended problems if they have not also learned the fundamental principles for the subject and how to apply them with an effective analysis strategy 43 . Thus, they may struggle with the processes such as hypothesis generation, defining appropriate systems for investigation, and confining the breadth of their investigation to answer the question asked. Finally, if these approaches are not structured well, students' knowledge gains are less than in lecture-based educational settings 44, 45, 46 . In many engineering curricula, students will have a chance to practice the skills sought by industry only in the capstone experience in the final year of study. Even two design experiences do not improve students' ability to consider broader context in their design process 47 . Thus, it is clear that students would benefit from a greater number of opportunities to address authentic problems. Table 2 attempts to categorize the industry-identified needs for engineers listed in Table 1 in an attempt to better discern pedagogies which may better prepare students for their professions. The 'Technical and Design Focused' needs listed in column 1 above are addressed in the traditional engineering curriculum via lectures, practicums, homework and demonstration. The 'Dispositions, Traits & Performance Skills' needs listed in column 2 are a bit more difficult to address. Student's personal attributes come to the university with them and those traits and dispositions are not commonly addressed. However, over the past decade or two significant efforts has been exerted to develop student leadership, teamwork and communication skills. Columns 3 and 4, 'Cognitive Skills' and 'Metacognitive Skills', are what this series of papers focus on. These are the skills that are consistently identified by industry as being needed by the engineers they employ. Many of these cognitive and metacognitive skills, and their development, have not been core objectives in the traditional engineering curriculum. They are indeed recognized as being of value, but are not addressed in a formal fashion, iterated upon, and assessed. They do help however to define the type of engineer that firms seek to employ. They also represent to a large extent the 21 st century skills that are sought for all learners.
Engineering Thinking
Engineering thinking, as a concept, can be deconstructed into a set of cognitive competencies and habits within a larger framework, whether it be critical thinking, problem solving, systems thinking, creative/innovative thinking, or design thinking. Like all thinking, at its core, engineering thinking is an exercise in cognition, and relies upon high-order cognitive skills and a knowledge of why, when, and how to utilize them. 48 Understanding engineering thinking as an emergent property of some of these highly refined cognitive skills enables engineering instructors to begin to develop a prescriptive approach for teaching and implementing engineering thinking methodologies with their students. 47 According to the Stanford Encyclopedia of Philosophy, "emergent entities 'arise' out of more fundamental entities and yet are 'novel' or 'irreducible' with respect to them" 49 . Because true emergent properties are irreducible, they cannot be destroyed or decomposed -they appear or disappear instead. In this sense, engineering thinking may seem to exist as a stand-alone concept, but if examined closely -if the components are examined more closely -it vanishes into its components. 50 Understood in this way, well-established fields such as neuroscience and cognitive science can be employed in building a strong case for studying and exploring the cognitive and metacognitive skills sought by engineering employers identified in Table 2 . 47 It is proposed that the mastery of cognitive and metacognitive skills listed in Table 2 , employed to facilitate the emergent property of engineering thinking, will facilitate successful transfer of engineering thinking skills to novel problem types; that is, enhance adaptive expertise and self-regulated learning. The challenge is to determine how best to achieve such cognitive and metacognitive skills development, in an academic setting, that would be of value to engineering students and their prospective employers. This challenge involves the student undertaking the study of the theory and underlying foundations of such cognitive and metacognitive skills, as well as their application and assessment in a discipline-specific fashion, in order to facilitate transfer and enhance the student's adaptive expertise and self-regulated learning skills.
Transfer
Transfer may be defined as the use of previous learning in a situation somewhat different from the situation in which learning took place. 51 Some have suggested that if someone responds in a relatively skillful or habitual way, it is evidence of learning, or remembering. If the situation is at least superficially different from the original situation it indicates that transfer has occurred. If the needed response is not obvious, the behavior might be described as problem solving. And, if learning is applied in a situation very different from that in which it was learned, we describe it as creativity. 50 There are a number of factors that affect learning transfer. 52 These include: a) whether students understand or simply memorize knowledge, b) the amount of time spent on learning the task, c) the amount of deliberate practice that is done beyond learning the task, d) the motivation of the student, e) how the problem is represented, f) the transfer conditions, and g) the metacognition of the student 53 54,55,56,57 . Items a, d, e, f and g may not be addressed as thoroughly as they should in the more traditional classroom environment and thus require more attention.
Two broad categories of transfer are described in the literature-near transfer and far transfer. Near transfer occurs when students apply their knowledge and skills in situations and contexts that are very similar to those in which the learning occurred. 51 In contrast, a far transfer occurs when a skill is performed in a context that is very different from the context in which the skill was learned. The opportunities for far transfer in problem solving within the classrooms are understandably not as regular as the opportunities for near transfer. 51 Far transfer is more difficult "because students must deliberately analyze the situation in order to recall the rules or concepts that are needed to apply their knowledge and skill in that particular situation 52, 58 . Good and poor problem solvers differ in their recall of information from previously encountered problems and by extension their ability to transfer concepts to the target problem. This difference exists because poor problem solvers tend to remember surface similarities between problems, while good problem solvers remember underlying conceptual structures that make two problems similar although they have different surface features. 59 This ability of good problem solvers makes it easier to transfer concepts learned in other domains or from solving other types of problems because of their conscious effort to abstract knowledge and concepts from one context for application to another. 52, 60 Cognitive research shows that the organization of learning and how new learning relates to what a student already knows are the strongest predictors of how well a student will transfer knowledge. 61 Also, reported was that science and engineering students often "lack relevant conceptual frameworks or have frameworks that are not developed enough to support new learning adequately". 52, 62 The absence of such frameworks makes it difficult for students to connect and apply other knowledge where relevant.
The problem-solving process involves several aspects from which three major facets tend to emerge: a) the student's representation of the problem, b) the student's background experiences, and c) the student's understanding of the problem". 58 
Representation
Representation in the problem-solving process refers to how the student mentally represents the problem. The student's representation of the problem is directly related to his or her existing knowledge structure of the content of the problem. Students trained on specific task components without being provided with the principles underlying the problems, could do specific tasks well but they could not apply their learning to new problems. By contrast, the students who received abstract training showed transfer to new problems that involved analogous relations". 52, 60 Research also shows that engaging students in the solutions of different types of problems in different contexts can enhance transfer by enabling learners to think flexibly about complex domains. 63 Various types of mental representations are used by students and experts alike in order to understand a problem and to facilitate transfer, particularly, but not limited to, representations such as analogies, metaphors, and propositions are used in the solving of ill-structured problems such as engineering design. 64, 65, 66 Understanding A student's comprehension of a problem and their ultimate ability to transfer concepts learned previously to the current problem is inextricably linked to his or her ability to properly represent the problem. Embedded within each representation are concepts that the student deems analogous to the problem being tackled, and he or she will transfer these concepts to arrive at a satisfying solution. A philosophical underpinning of programs that integrate the STEM domains is the learning of concepts in one domain, such as science or technology, will facilitate the learning of concepts in other domains, such as mathematics or engineering. Students who can identify the connection between concepts across domains will likely demonstrate an understanding of the problem. While a superior understanding of a problem is demonstrated by the transfer of concepts, knowledge, or processes without prompting, sometimes the use of prompting is necessary. Prompting can dramatically improve the rate of transfer in problem solving. 52, 67, 68 A good understanding of the problem will also be reflected in how solvers use metacognitive skills. Metacognition refers to how problem solvers are able to self-regulate the strategies that they use. When students are cognizant of the requirements of a problem, they will more proficiently focus on critical elements of the problem, connect or abstract common themes from previous problem solving episodes or learning experience, and evaluate their progress towards the right solution for well-structured problems or a good solution for ill-structured problems. 52, 58, 60 Experiences Each student possesses different conceptual knowledge and will make different associations to their knowledge. The student's prior experience helps to establish an understanding of the problem. The process of understanding is iterative, and full understanding is often complex. When the student completely understands the problem and its underlying structure, then transfer to similar situations can occur. 52, 58 Students bring a wealth of knowledge to each learning situation and, without specific guidance from teachers, may fail to connect everyday knowledge to subjects taught in schools. 60 As students' metacognitive skills develop, their ability to make connections to their learning experiences in the classroom, and beyond the classroom, becomes more self-regulated and automatic when solving problems.
One view of learning transfer is that students find it difficult to transfer concepts that they learn in schools to the real world because education simplifies material to make it easier to teach. 62 When students are exposed to multiple contexts in their instructions that include examples that demonstrate a wide application of what is being taught, they develop a flexible representation of knowledge and are likely to abstract the relevant features of concepts that make two unique problem scenarios similar.
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Service Learning
There is a growing sentiment that problem-based and project-based learning can enhance students' general learning transfer and problem-solving skills. 69 For example, faculty and students who engage in collaboration with community-based entities to effect positive change while concurrently challenging engineering students in an academic setting have experienced learning outcomes benefiting students, faculty, educational institutions, and community partners 70, 71, 72, 73, 74, 75, 76, 77, 78, 79 . Such service learning has proven so overwhelmingly successful that the Kellogg Commission concluded that it "should be viewed as among the most powerful of teaching procedures, if the teaching goal is lasting learning that can be used to shape student's lives around the world 80 ." Service learning pedagogies have been researched and implemented at many universities and their engineering programs over the past 20 years. Efforts have been labeled with various titles including: 'service learning (SL)', or 'engaged scholarship', or 'learning through service', among others.
It is well established that SL has a positive impact on students' academic learning, moral development, improves students' ability to apply what they have learned in the "real world", and improves academic outcomes as demonstrated complexity of understanding, problem analysis, critical thinking, and cognitive development 81, 82, 83, 84, 85 . A wide range of student learning outcomes have been achieved in engineering using SL 86 . This included all of the ABET a-k outcomes 87 , many of the additional ASCE Body of Knowledge 2nd edition outcomes 88 , and additional attributes. Engineers Without Borders activities have been mapped with all of the ABET a-k outcomes 79, 89 . Faculty who have incorporated SL into courses have direct evidence of student learning via students' performance on traditional graded assessments, such as homework, lab reports, and exams. Additional research-based benefits of SL not identified in industry surveys include: spiritual and moral development, self-efficacy, social responsibility, and citizenship.
The true power of SL however may be its ability to achieve a wide array of learning outcomes in an efficient manner that is equally as effective as other methods that are more targeted. Yet, such pedagogies alone are not sufficient to develop the skills prerequisite to expert professional practice and solving complex problems. Developing the additional skills necessary such as the ability to identify the nature and relevant context of the problem, what knowledge is needed to address it, and what methods are best suited to solve the problem can only come with practice in solving complex problems. Theory, iteration, and vertical integration of such are necessary to develop adaptive expertise and self-regulated learning to better prepare engineers for the workplace. 79 There are three common types of engineering classes where engaged scholarship has been implemented: design (any level from first year to capstone design), experimental lab courses, and analysis-based engineering science (i.e. thermodynamics, fluid mechanics). Integration into design courses appears the most common. There are also organizations that facilitate SL which are very popular with students (i.e. Engineers for a Sustainable World (ESW), Engineers Without Borders (EWB)).
There are many examples of SL in first year introduction and/or projects courses 79, 90, 91, 92 . In many of these courses, SL projects are among many choices available to students or selected as the topic for a particular section of the course. Often these courses are very large, which poses coordination challenges. There are also many examples of SL projects in capstone design courses 93, 94, 95 . Examples of SL integration into core engineering courses have been less commonly published 96, 97 . Beyond specific, individual courses, there are broader curricular efforts (many originally sponsored by the National Science Foundation (NSF)), programs, certificates, and extracurricular organizations that embrace engineering engaged scholarship.
However, service learning endeavors alone are not sufficient to successfully develop the skills prerequisite to expert professional engineering practice and solving complex problems. Attainment of many of the industry-identified skills listed in Table 2 can only come with practice in solving complex problems with scaffolded feedback. SL efforts may touch upon many of the goals listed, but training in lifelong learning skills, such as: the theory and practice of problem solving, critical thinking, metacognition, an understanding of the philosophy of engineering, all with iterative practice, scaffolding and assessment, is warranted. That is, development of engineering thinking as an emergent property requires student development of adaptive expertise and self-regulated learning skills.
SUMMARY
An emphasis on understanding how to optimally educate engineers to be self-regulated learners through development of adaptive experts possessing the appropriate cognitive skills should enable university engineering programs to produce higher quality practitioners who can contribute to their fields earlier, and throughout, their careers. 98, 99, 100 Unfortunately, the ever increasing load of content knowledge delivered to students, the current delivery methods for that content, time constraints, and large class sizes significantly limit the ability of students to adequately develop these skills. 96, 97, 98 Ultimately, the engineering curriculum may require changes to engage and challenge students to inquire and solve problems rather than to simply inform students what and how to think. 101, 102 Of course the use of active learning techniques fosters these skills, but implementation is often conducted without explicit attention to the specific cognitive skills. 103 These cognitive skills are most certainly all qualities an engineer should embody, but integrating them into the curriculum instill those skills more effectively.
By thinking of engineering thinking as an emergent property consisting of a set of cognitive competencies and habits within a larger framework, incorporating critical thinking, problem solving, systems thinking, creative/innovative thinking, and design thinking among others, engineering educators may begin to develop a prescriptive approach for teaching and implementing methodologies to better prepare their students to meet the needs of employers in the years ahead.
A WAY FORWARD
The task to determine how to effectively incorporate opportunities to strengthen these skills may be difficult, but certainly needs to be addressed. Specific courses could be taught with the pure intention of developing each skill, or the skills could be sprinkled into other courses throughout the entire curriculum by making classes more hands on or interactive.
In the papers to follow, prescriptive pedagogies will be outlined that seek to take tentative steps to satisfy the industry-identified needs for engineers to more successfully integrate into the workplace, and develop the engineering thinking skills which will facilitate that transition. Specific pedagogies to be discussed will be related to enhancing skills in: critical thinking, problem solving, systems thinking, design thinking, creative/innovative thinking, self-regulated learning, and adaptive expertise.
The educational model builds upon the benefits of service learning in engineering programs by incorporating a number of prerequisites to such engagements. These include: a) philosophy and engineering (epistemology, critical thinking, ethics), b) educational psychology (problem solving, metacognition, self-regulated learning, thinking skills), and c) a cognitive apprenticeship experience to iteratively model expert thinking. The educational model then culminates in d) a community engagement project/internship with a reflection component synthesizing and
